[1] We developed a multicomponent, multiphase, fluid and heat flow model to describe hydrate formation in marine sediments; the one-and two-dimensional model accounts for the dynamic effects of hydrate formation on salinity, temperature, pressure, and hydraulic properties. Free gas supplied from depth forms hydrate, depletes water, and elevates salinity until pore water is too saline for further hydrate formation: Salinity and hydrate concentration increase upward from the base of the regional hydrate stability zone (RHSZ) to the seafloor, and the base of the hydrate stability zone has significant topography. In fine-grained sediments, hydrate formation leads to rapid permeability reduction and capillary sealing to free gas. This traps gas and causes gas pressure to build up until it exceeds the overburden stress and drives gas through the RHSZ. Gas chimneys couple the free gas zone to the seafloor through high-salinity conduits that are maintained at the three-phase boundary by gas flow. As a result, significant amounts of gaseous methane can bypass the RHSZ, which implies a significantly smaller hydrate reservoir than previously envisioned. Hydrate within gas chimneys lies at the three-phase boundary, and thus small increases in temperature or decreases in pressure can immediately transport methane into the ocean. This type of hydrate deposit may be the most economical for producing energy because it has very high methane concentrations (S h > 70%), located near the seafloor, which lie on the three-phase boundary.
Introduction
[2] Gas hydrate is an ice-like compound that contains methane or other low molecular weight gas in the lattice of water molecules [Sloan, 1998] . Although most of the seafloor lies within the low-temperature and high-pressure conditions necessary for hydrate formation, hydrate is generally found in sediments along continental margins, where adequate supplies of gas are available [Hyndman and Davis, 1992] . The large volumes of gas stored in hydrate are a potential energy resource [Milkov and Sassen, 2002] . Release of large volumes of methane from hydrate into the ocean and atmosphere may play a role in the past climate change [Dickens, 2003; Kennett et al., 2000] . Pressure increase due to rapid hydrate decomposition may contribute to failure along continental margins where gas hydrate is found [Kayen and Lee, 1991; Paull et al., 1996] .
[3] Hydrate stability depends on pressure, temperature, the gas concentration in the surrounding pore water, and the activity of water [Sloan, 1998] . Liquid (subscript L) and gas (subscript G) coexist below the three-phase equilibrium curve, while liquid and hydrate (subscript H) coexist above it ( Figure 1c) . We define the regional hydrate stability zone (RHSZ) as the zone where hydrate is stable for seawater salinity (3 wt.%). Within the RHSZ, temperature is below the three-phase equilibrium value, hydrate and seawater coexist, and free gas should not be present if there is excess water [Handa, 1990] . Below the RHSZ, free gas and seawater coexist. Under these conditions, the zone of three-phase equilibrium is confined to a single depth. Our study is modeled after the pressure and temperature conditions present at South Hydrate Ridge ; the zone of three-phase equilibrium is 130 m below the seafloor in this region.
[4] A bottom-simulating reflector (BSR) is commonly imaged in marine hydrate systems [Shipley et al., 1979; Stoll and Bryan, 1979] . The BSR generally coincides with the base of the RHSZ and is interpreted to record the impedance contrast between hydrate and water above and free gas (if present in high enough concentration) and water below [Bangs et al., 1993; Holbrook et al., 1996] . These observations drove a suite of theoretical models that interpreted the RHSZ as a thermodynamic barrier to the migration of free gas [Davie and Buffett, 2001; Hyndman and Davis, 1992; Rempel and Buffett, 1997; Xu and Ruppel, 1999] .
[5] These models assume that water with dissolved methane flows upward through the RHSZ. Hydrate is precipitated from the upward-moving water as the solubility of methane in water decreases upward ( Figure 1a ). Methane transport is limited by its low solubility in water, and as a result, hydrate forms very slowly. Because the hydrate formation rate is low, these models generally assume that P, T and salinity variations associated with hydrate formation are negligible compared to total mass and heat transport in the system [Xu and Ruppel, 1999] .
[6] In recent years, numerous studies have used seismic data to image chimney-like features within the RHSZ [Bouriak et al., 2000; Bünz and Mienert, 2004; Gorman et al., 2002; Nouzé et al., 2004; Rowe and Gettrust, 1993; Taylor et al., 2000; Tréhu et al., 2004; Wood et al., 2002] . Fluid escape features (e.g., seafloor vents and associated hydrate) are often observed at these locations. These chimney-like features are interpreted to record the intrusion of free gas into the RHSZ.
[7] Several mechanisms have been proposed to describe how these chimneys form. First, gas flow may be so rapid that equilibrium conditions are not present because of kinetics [Haeckel et al., 2004; Torres et al., 2004] . However, field [Rehder et al., 2002] and laboratory [Zatsepina and Buffett, 2003] studies suggest the kinetic rate of hydrate formation is very rapid. Second, hydrate formation may be limited by the availability of water when gas is supplied in excess of its proportion in hydrate [Ginsburg and Soloviev, 1997; Suess et al., 1999] . However, this mechanism is inconsistent with the presence of abundant water in seafloor sediments. Third, the P-T salinity surface-defining threephase equilibrium may be perturbed upward by capillary effects in fine-grained sediments Ruppel, 1997] , advecting warm fluid [Ruppel et al., 2005; Wood et al., 2002] , or high pore water salinity [Liu and Flemings, 2006; Milkov et al., 2004; Zatsepina and Buffett, 1998 ].
[8] Liu and Flemings [2006] presented a model for free gas migration through the RHSZ that links hydrate formation with elevated salinity. In their model, free gas supplied from below forms hydrate, depletes water, and elevates salinity until pore water is too saline for further hydrate formation. This system self-generates local equilibrium conditions that allow free gas venting through the RHSZ to the seafloor. Liu and Flemings [2006] documented a 50 m thick zone beneath the seafloor where the in situ salinity is elevated to the value required for three-phase equilibrium. Wright et al. [2005] also found elevated in situ salinities that lie on the three-phase stability boundary in the Mallik hydrate reservoir.
[9] We extend the conceptual model of Liu and Flemings [2006] with a multicomponent, multiphase, fluid and heat flow model for transient hydrate formation in marine environments. Unlike previous geological models of hydrate formation, we account for the dynamic effects of hydrate formation on the hydraulic, thermal and chemical regimes. We explore how hydrate forms and how free gas migrates within the hydrate reservoir. First, we develop the equations governing hydrate formation based on mass and energy balances. We present the criteria for the appearance and disappearance of phases and the corresponding switching of the primary variables. We then examine gas hydrate formation in one-dimensional models. We consider situa- Figure 1 . (a) CH 4 solubility, (b) temperature for three-phase equilibrium, and (c) hydrate stability P-T phase diagram for seawater salinity (550 mM Cl À , 3 wt.%). Fields of hydrate (H), dissolved (L), and free gas (G) are depicted. (Figure 1a ) Hydrate or free gas is present only when the gas concentration exceeds the solubility. Peak in solubility coincides with the base of the regional hydrate stability zone (RHSZ, dash-dotted line) for seawater salinity. (Figure 1b ) The ''geotherm'' marks the temperature versus depth in the sediment ( Table 2 ). The ''L + G + H'' line marks the depth of three-phase equilibrium. Intersection of these lines defines the base of the RHSZ (dash-dotted line). (Figure 1c ) Pressure-Temperature phase diagram. Dark solid line delineates pressure-temperature conditions from seafloor (left) to 200 mbsf (right). Liquid (L), hydrate (H), and free gas (G) are in three-phase equilibrium along the light solid line. mbsf: meters below seafloor; mbsl: meters below sea level.
tions with high and low gas flux, models with and without water flux, and two different lithologies. We then extend the model to two dimensions and examine the evolution of gas chimneys.
[10] Our one-dimensional models suggest that in coarsegrained sediments, hydrate formation at the base of the RHSZ cannot form an efficient capillary barrier to upward gas migration. Thus a large volume of free gas is transported into the RHSZ fast enough to produce a significant change in salinity. In this case, high-salinity pore water provides a mechanism to transport free gas through the RHSZ. By comparison, in fine-grained sediments, hydrate formation causes rapid permeability reduction and capillary sealing with respect to free gas. Hydrate formation in such systems is concentrated at the base of the RHSZ until a critically pressured gas column builds up below it. Two-dimensional models show that with a high gas flux, lateral diffusion of salts is slow enough for the gas chimney to rapidly propagate to the seafloor.
Mathematical Model

Assumptions and Physical Processes
[11] We assume the following: (1) Darcy's law describes multiphase fluid flow in uniform porous media. (2) There is local thermodynamic equilibrium; in marine sediments, the fluid flow rate is small and hydrate formation is rapid as shown by laboratory [Zatsepina and Buffett, 2003] and field [Rehder et al., 2002] studies. (3) The model extends from the seafloor to a depth below the RHSZ, and is spatially fixed. (4) There is no sedimentation or erosion. (5) Gas is supplied only from below the RHSZ. (6) Methane is the only hydrate-forming gas. (7) Diffusion is only considered in the liquid phase, because diffusion of CH 4 within either hydrate or free gas is negligible. (8) CH 4 is assumed to be the only component in the vapor phase because the amount of water in the vapor phase is small [Duan et al., 1992] . (9) Salt is confined to the liquid phase. (10) Hydrate is a solid phase and only two-phase (gas + water) capillary pressure is considered.
[12] Hydrate formation is modeled with a three-phase, three-component system. The three components (k) are methane, water and salt (superscripts m, w and s). The three phases (b) are liquid, free gas and hydrate (subscripts l, g and h). The mass fraction of component k in phase b is denoted by X b k . The liquid phase consists of CH 4 , salt and water, the vapor phase consists of only CH 4 , and the solid phase contains only hydrate (composed of CH 4 and water).
[13] This model includes the following features: (1) The partitioning of the components among the phases is calculated from local thermodynamic equilibrium. (2) Each phase can disappear or appear in any region of the domain. (3) Fluid flow in the liquid and gas phases occurs by pressure, capillary and gravitational forces as described by a multiphase representation of Darcy's law that includes the effect of relative permeability. (4) Diffusive transport of methane and salt in the liquid phase are considered. (5) Conservation of energy is described in terms of enthalpy, H. The difference in enthalpy between hydrate and its reactants is the latent heat of phase transition [Sloan, 1998 ]. In the model, latent heat is neglected and heat is transferred by conduction and multiphase advection.
Governing Equations
[14] We treat the hydrate system as a continuum of sediment grains, fluids and solid hydrate and we formulate the mass balance for each component (water, methane and salt). Local thermodynamic equilibrium implies that the three phases and the sediment grain in a small volume are at the same temperature; this allows us to formulate the energy balance for the overall porous media. We obtain a system of partial differential equations, constrained by three mass balances and an energy balance to describe the system.
[15] Each balance equation includes accumulation, flux and sink/source terms. The balance equations are written in integral form for a volume V n with a surface area G n :
where M k is the mass of component k per unit volume, ÀF k is the total flux of component k into V n , n is the outward unit normal vector, and q k is the generation rate of component k per unit volume. Heat is treated as a ''pseudo'' component (superscript e) [Falta et al., 1992] . For k = e, M k is the amount of energy per unit porous media volume. F k is the heat flux and q k is the rate of heat generation per unit volume.
Accumulation Term
[16] Since methane may exist in three phases, the methane accumulation term sums over the liquid, vapor and hydrate phases:
where f is the porosity, S b is the saturation of phase b, r b is the density of phase b, and X b k is the mass fraction of component k in phase b. The water accumulation term sums over the liquid and hydrate phase. The salt accumulation term involves only the liquid phase, because all of the salts are assumed to be dissolved in the liquid.
[17] The heat accumulation term includes contributions from both the solid grains and the three possible phases:
where r R is the density of the solid grains, C R is the heat capacity of the solid grains, T is the temperature, and u b is the specific internal energy of phase b.
Flux Term
[18] The mass flux terms of the three components (m, w, s) sum over the three phases (l, v, h) . The mass fluxes of each component in the liquid phase include both advection and diffusion:
where k is the intrinsic permeability, k rl is the relative permeability of phase l, m l is the viscosity of phase l, P l is the pressure of phase l, and g is the acceleration due to gravity. The diffusive flux J l k is
where D l k is the molecular diffusion coefficient of
where q is the tortuosity (i.e., the resistance to diffusion in porous media) and D l0 k is the molecular diffusion coefficient in free water. Tortuosity (q) is calculated from sediment porosity (f) using Archie's law :
[19] The mass flux of CH 4 in the gas is calculated by considering only advection:
[20] The heat flux includes both conduction and multiphase advection:
Where l is the overall thermal conductivity of the porous media, h b is the b phase specific enthalpy, and F b is the total b phase mass flux. l is calculated using the parallel heat flow model:
where l R , l h , l l and l g are the grain, hydrate, liquid and gas thermal conductivity.
[21] Substituting equations (2) -(10) into equation (1), we obtain three mass balance equations (11) -(13) and one energy balance equation (14) . These balance equations, when combined with thermodynamic equilibrium, provide a complete description of hydrate formation in uniform porous media.
[22] The mass balance equation for methane (superscript m) is
[23] The mass balance equation for water (superscript w) is
[24] The mass balance equation for salt (superscript s) is
[25] The energy balance equation (superscript e) is
Numerical Solution
[26] The mass balance equations are discretized in space and time using the finite difference method. For element l with a volume of V l , the mass balance equations are written as
where A lm is the area of the interface between elements l and m, and F lm k is the flux of component k between elements l and m. The subscript lm indicates that the parameter is evaluated at the interface between elements l and m. Different physical parameters require different interface weighting algorithms. For instance, we use upstream weighting to calculate the phase mobility and harmonic weighting to calculate the intrinsic permeability. We assume all mass and energy fluxes are from greater depth. We do not consider in situ methane generation, dehydration of clay minerals, and radioactive heat generation. If element l is the very bottom grid, q l k = F b k /h, where F b k is the basal mass and energy fluxes, and h is the vertical grid size. Otherwise, q l k = 0.
[27] The accumulation terms M l k are discretized in time using a first-order finite difference approximation. The flux terms F lm k and sink/source terms q l k are evaluated at the new time level to avoid numerical instability in multiphase flow simulation. The mass balance equations are written in terms of the residual of each component in each element [Falta et al., 1992] :
where k is methane, water, salt, and heat. For a flow domain that is discretized into N blocks, equation (15) yields a system of 4N coupled nonlinear equations.
[28] A residual-based Newton-Raphson method is used to iteratively solve the nonlinear balance equations. The NewtonRaphson method is expressed as [Falta et al., 1992; Farnstrom and Ertekin, 1987] :
where x is the vector of primary variables in each element, p is the iteration index, and the term @R @x represents the derivatives of the residual with respect to the vector of primary variables. These derivatives are arranged into the Jacobian matrix. An exact solution to the system of equations is obtained when each residual equals zero at the iteration index p + 1 (i.e., R(x p+1 ) = 0). Thus equation (16) becomes
[29] Iteration is continued until the residuals are reduced below a convergence tolerance. If convergence cannot be reached within a certain number of iterations, the time step size is reduced and the iteration process is reinitiated.
Thermodynamic Equilibrium for Hydrate Stability
[30] The distribution of hydrate and free gas in the sediment is strongly dependent upon two P-T-dependent equilibrium solubility curves ( Figure 1a ): (1) the liquid hydrate (L + H) methane solubility curve (X L+H m ) where gas hydrate is at equilibrium with dissolved gas in water, and free gas is absent; and (2) the liquid gas (L + G) methane solubility curve (X L+G m ), where free gas is at equilibrium with dissolved gas in water, and hydrate is absent. Duan et al.'s [1992] model is used to predict the L + G equilibrium. Henry et al.'s [1999] model is used to predict the L + H equilibrium. Comparison of model predictions with the CSMHYD hydrate program [Sloan, 1998] shows good agreement.
[31] The L + H solubility increases downward from the seafloor, while the L + G solubility slightly increases upward to the seafloor (Figure 1a) . At their intersection, three-phase equilibrium is present and CH 4 solubility reaches a maximum value (Figure 1a ). The base of the regional hydrate stability zone (RHSZ) is located at the three-phase equilibrium for CH 4 and seawater salinity. When dissolved CH 4 concentration exceeds the solubility, hydrate is stable within the RHSZ while free gas is stable below it.
[32] Doubling pore water salinity from 3 to 6 wt.% reduces the L + G solubility by 15%, while the L + H solubility is relatively insensitive to the salinity increase ( Figure 2a) . As a result, the intersection of the two solubility curves shifts upward from 130 to 90 mbsf. Consequently, the base of the hydrate stability zone shifts from 130 to 90 mbsf (star, Figures 2a and 2b) . Elevated pore water salinity decreases hydrate stability conditions (Figure 2c ).
Primary Variables and Variable Switching During Phase Transition
[33] The n + 1 independent variables are needed to describe the thermodynamic state of an n-component system Xu, 2004] . These n + 1 variables are called the primary variables. For a three-component (methane, water, salt) system, four independent primary variables are needed.
[34] The choice of primary variables for a grid block depends on the phases present. We consider four phase states (Table 1) . Under the three-phase condition (l + h + g) the primary variables are chosen to be pressure P, temperature T, liquid saturation S l , and hydrate saturation S h . This choice of variables completely defines the thermodynamic state of the system. Because all three phases are present, the mass fractions of every component in the phases are determined by local equilibrium considerations. The salinity of the liquid (X l s ) is maintained at that required for threephase equilibrium (X L+G+H s ), which depends on P and T. The dissolved CH 4 concentration is then calculated according to the L + G or L + H equilibrium at the given P-T salinity.
[35] Displacement, or phase transition, processes may cause the appearance or disappearance of three phases. Suppose that the hydrate phase appears, due to an increase in dissolved CH 4 concentration. The system shifts from the one-phase L (state 1) to the two-phase L + H (state 2) equilibrium condition (Table 1) . At this point, we impose equilibrium (X l m = X L+H m ) and S h > 0. In this case, the system cannot be fully defined by the primary variables P, T, X l s and X l m of state 1. This problem is resolved by primary variable switching during the phase transition. If the primary variables are switched from P, T, X l s and X l m , to P, T, X l s and S h , a complete description of the system is once again possible in terms of the primary variables. This technique of primary variables switching is used to describe the phase transition processes in petroleum reservoir simulation [Farnstrom and Ertekin, 1987] and subsurface removal of NAPL (Nonaqueous Phase Liquid) [Falta et al., 1992] .
[36] We demonstrate an example of how equations (11) - (14) are solved. When the dissolved methane concentration is less than the equilibrium solubility (X l m < X L+H m ), the hydrate and gas saturations are set to zero (S h = S g = 0) and we solve equation (11) for the dissolved methane concentration X l m . The methane, water, salt and energy residuals are described in terms of primary variables P, T, X l s , X l m . The derivatives of residuals with respect to each primary variable form the Jacobian matrix in equation (18). In contrast, when the dissolved methane concentration becomes greater than the equilibrium solubility (X l m > X L+H m ), we enforce equilibrium (X l m = X L+H m ) by switching the primary variables and solve equation (11) for the hydrate saturation S h within the RHSZ. At this point, we describe the methane, water, salt and heat residuals and the Jacobian matrix in terms of P, T, X l s , and S h . We use a similar algorithm to solve the dissolved methane concentration and gas saturation below the RHSZ. The substitution of primary variables is also presented by Davie and Buffett [2003] . This method is very different from Rempel and Buffett [1997] , in which a rapid reaction rate is adopted to enforce equilibrium.
[37] The algorithm for free gas appearance within the RHSZ is more complicated. Pore water salinity can increase during hydrate formation because salt is excluded from the hydrate structure. If the salinity of the liquid solution (X l s ) equals the salinity required for three-phase equilibrium (X L+G+H s ), then gas can appear where only hydrate and seawater coexist previously. The system shifts from twophase L + H to three-phase L + G + H equilibrium and the primary variables are switched to the three-phase set of variables.
Secondary Variables
[38] A complete set of secondary variables is also needed to solve the four balance equations. These secondary variables include thermodynamic and transport properties such as density, viscosity, permeability and relative permeability. The secondary variables are determined from the primary variables. We calculate the liquid density as a function of temperature and salinity. The gas density strongly depends on pressure and temperature [Duan et al., 1992] . Methane hydrate is assumed to be incompressible and have a constant density (r h = 912 kg m À3 ) [Sloan, 1998 ]. We calculate the liquid and gas viscosities as a function of pressure and temperature [Class et al., 2002] . Permeability and relative permeability are a function of hydrate saturation as discussed below.
Changes in Porosity, Permeability, and Capillary Pressure with Hydrate Formation
[39] Bear [1972] presented a dimensionless J-function to describe the relationship between capillary pressure and pore fluid saturation in unconsolidated sands ( Figure 3b ). This curve has a plateau where the capillary pressure increase is small for a large change in water saturation (S w ) and it is consistent with Thomeer's empirical curve [Thomeer, 1960] for well-sorted sediments. The J-function [Amyx et al., 1960; Bear, 1972 ] allows one to model capillary pressure for lithologies of distinct permeability and porosity, if it is assumed the pore geometry is unchanged:
where P c0 is the capillary pressure in the absence of hydrate and s gw is the interfacial tension between gas and water ($72 mJ m
À1
) .
[40] We model hydrate formation in two different uniform porous media: sand and silt (see Table 2 in section 3). In the absence of hydrate, the sand porosity and permeability is 0.5 and 10 À13 m 2 , respectively whereas the silt porosity and permeability are 0.5 and 10 À15 m 2 , respectively [Fetter, 1994] . We assume both the silt and the sand have the same pore geometry as the unconsolidated sand described by Bear [1972] . We use equation (19) and the J-function (Figure 3b ), to calculate the capillary pressure curve for sands (solid line in Figure 3c ) and silts (solid line in Figure 3d ) in the absence of hydrate.
[41] The capillary pressure is inversely proportional to the square root of the permeability (equation 19). Because the 
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sand is 100 times more permeable than the silt, its capillary pressure is 10 times less than that of the silt. The capillary pressure at S w = 0 is the capillary entry pressure (P d ) and this must be exceeded before gas enters initially watersaturated sediment [Schowalter, 1979] . On the basis of Bear's [1972] J-function ( Figure 3b and equation (19)), P d is $0.02 MPa for sand and $0.2 MPa for silt in the absence of hydrate.
[42] Porosity is assumed to be the pore volume fraction filled with fluid phases (liquid and gas). The porosity change due to hydrate formation is
where f 0 is the porosity when hydrate is absent. The permeability is proportional to the hydrate saturation. If the porous medium is approximated as a bundle of capillary tubes and hydrate forms in the center of each capillary, the change in intrinsic permeability is ( Figure 4) [Kleinberg et al., 2003] :
where k 0 is the permeability when hydrate is absent. However, if hydrate coats the wall of pores, the change in permeability is (Figure 4) [Kleinberg et al., 2003] :
[43] Permeability will decrease more rapidly with hydrate formation for the pore-filling model than for the porecoating model (Figure 4) . Clennell et al. [1999] suggested that hydrate formation is analogous to ice formation in porous media and that hydrate, as a nonwetting phase, preferentially grows in the center of pores in liquid water- [Bear, 1972] . Capillary pressure curves of hydrate-bearing sand (c) and silt (d) for different hydrate saturations (S h ). Solid line represents the capillary pressure curve when hydrate is absent. Dotted, dot-dashed, and dashed lines represent the capillary pressure curve at S h = 0.1, 0.3, and 0.5, respectively. P d is the capillary entry pressure.
wet sediments. This growth habit has been verified by deep sea NMR (Nuclear Magnetic Resonance) measurements [Kleinberg et al., 2003] and by experiments in glass micromodels [Tohidi et al., 2001 ]. Thus we assume hydrate is pore filling in the following simulations.
[44] Hydrate formation decreases the fraction of pore space available to fluid phases. Thus the effective liquid and gas saturations (S 0 w and S 0 g ) are defined as
The effective saturations are used to estimate relative permeabilities. The relative permeabilities are calculated according to Corey's model (Figure 3a ) [Bear, 1972] :
where S rw and S rg are the irreducible or residual water and gas saturation. We use S rw = 10% and S rg = 2% [Yousif et al., 1991] .
[45] Hydrate formation decreases porosity and permeability. For each lithology, the gas-water capillary pressure at any hydrate saturation is calculated using the J-function approach [Moridis et al., 2005] . We assume that the J-functions for hydrate-free and hydrate-bearing sediments are the same, and we calculate the capillary pressure in hydrate-bearing sediments from that in hydrate-free sediments:
where P c is the capillary pressure for hydrate-bearing sediment with k, f and S 0 w , and P c0 is the capillary pressure for hydrate-free sediment with properties of k 0 , f 0 and S w . Changes in porosity (f) and permeability (k) with hydrate formation are given by equations (20) and (21). The effective water saturation (S 0 w ) is used to calculate the capillary pressure of hydrate-bearing sediments. Given the same amount of hydrate precipitation, silt (Figure 3d ) will experience a greater increase in capillary pressure than sand (Figure 3c ).
One-Dimensional Model of Hydrate Formation
[46] We model pressure and temperature conditions similar to those at southern Hydrate Ridge, offshore Cascadia (Table 2 ). The seafloor is at 800 mbsl Dynamic viscosity of gas P-and T-dependent [Class et al., 2002] (meters below sea level) and the pressure increases at the hydrostatic gradient through the sediments (10.4 MPa/km). The bottom water temperature is 4°C and the temperature gradient is linear (55°C/km). Initially, no methane or hydrate is present and pore water has seawater salinity everywhere (3 wt.%). Under these conditions, three-phase equilibrium and thus the base of the regional hydrate stability zone (RHSZ) is present at 130 mbsf. The model domain extends from below the RHSZ to the seafloor ( Figure 5 ). Boundary conditions are specified in Table 3 . Constant mass fluxes of CH 4 , water and salt are specified at the base. In addition, there is a constant heat flow at the base of the model and the seafloor temperature is fixed at 4°C.
[47] We run four different scenarios to illustrate the processes of hydrate formation (Table 3) . A high gas flux is run in sand (case 1); a high gas flux (case 2); a low gas flux (case 3); and a very low gas flux (case 4) are run in silt.
Case 1: High Gas Flux + No Water Flux in Sand
[48] The basal CH 4 flux is 0.96 kg m À2 yr À1 and there is no basal water or salt flux; latent heat released by hydrate formation is neglected. This gas flux is similar to that observed at southern Hydrate Ridge . CH 4 is primarily transported as free gas because of the high gas flux. As the free gas moves upward, it displaces the original pore water in which it partly dissolves (Figures 6a  and 6d, t 1 ) . At t 1 , free gas appears below the regional hydrate stability zone (RHSZ; shaded area) where S g = 2.5% (Figure 6d ). At this gas saturation, the gas relative permeability is sufficient to allow gas to be transported at the rate that it is supplied (equation 26). Within this free gas zone, the pore water CH 4 concentration is sustained at its solubility ( Figure 6a, t 1 ) . Within the RHSZ, CH 4 concentration is below its solubility (the solid line is to the left of the dotted line, Figure 6a , t 1 ), there is no hydrate formation ( Figure 6d, t 1 ) , and the pore water has seawater salinity ( Figure 6e, t 1 ) .
[49] When free gas migrates into the RHSZ, a three-phase zone develops in the RHSZ as indicated by the coexistence of hydrate and gas ( Figure 6d, t 2 ). An expanding reaction front separates the three-phase zone below from the twophase zone above. At t 2 , the reaction front is approximately 50 m above the base of the RHSZ (Figure 6d, t 2 ) . The salinity increases from 3 wt.% at the base of the RHSZ to 6 wt.% at the front. Within the three-phase zone, salinities are sustained at the values required for three-phase equilibrium, while above the three-phase zone, the salinity drops abruptly (Figure 6e, t 2 ) .
[50] The salinity profile is created by hydrate formation. As hydrate forms, dissolved salts are excluded from the hydrate structure; at progressively higher levels above the base of the RHSZ, greater concentrations of hydrate must form before the salinity necessary for three-phase equilibrium is achieved (Figure 6e, t 2 ) . The result is an increase in hydrate concentration and salinity upward from the base of the RHSZ to the reaction front. Above the reaction front, hydrate concentration, salinity, and dissolved methane drop rapidly, affected only by diffusion from the underlying reaction front. [51] The reaction front propagates from the base of the RHSZ toward the seafloor, but its rate of advance decelerates with time ( Figure 7) . The free gas encounters increasingly colder sediments as it rises: to reach three-phase equilibrium and thus transport methane in the gas phase, it must form increasing amounts of hydrate to generate enough salinity. The hydrate concentration is largest near the seafloor, where the P-T conditions are brought furthest into the RHSZ (Figure 6d, t 3 ) .
[52] A quasi-steady state is reached when the reaction front breaks through to the seafloor. At this point, salinities are maintained at those required for three-phase equilibrium throughout the RHSZ (Figure 6e, t 3 ) : the salinity increases from $3 wt.% at the base of the RHSZ to $12 wt.% just below the seafloor. In addition, the CH 4 concentrations are equal to its solubility throughout the RHSZ (Figure 6a, t 3 ) , three phases coexist throughout the RHSZ, and S h increases upward (Figure 6d, t 3 ). Both dissolved (Figure 6a, t 3 ) and free gas CH 4 (Figure 6d, t 3 ) are discharged at the seafloor.
[53] Near the seafloor, hydrate concentration (S h ) continues to increase after the reaction front reaches the seafloor (Figure 8b ). Seawater salinity is assumed at the seafloor and as a result there is a large gradient in salinity and methane concentration between the last grid block in the subsurface and the seafloor (Figure 8a ): salt is transported along this gradient by diffusion to the seafloor. Loss of salt to the ocean shifts the thermodynamic conditions, allows further hydrate formation, and causes the spike in S h immediately below the seafloor (Figure 8b ). Ultimately all pore space will be filled with methane hydrate, which will block flow near the seafloor. The rapidity with which this occurs is dependent on the size of the upper grid block. Figure 6 . Case 1: high gas flux and no water flux in sand. Evolution of (a) dissolved CH 4 concentration (X l m ), (b) water (P w ) and gas (P g ) pressures, (c) intrinsic permeability (k), (d) hydrate (S h ) and gas (S g ) fractions of pore volume, and (e) salinity (X l s ) at 0.2, 2.0, and 5.5 kyr. A three-phase zone develops with a front propagating from the base of the RHSZ (shaded area). Behind the front, hydrate formation is waterlimited and salinity is buffered at the three-phase equilibrium. The reaction front eventually reaches the seafloor. Thereafter free gas can directly flow through the RHSZ to the seafloor. Note that Figure 6d (t 1 ) is on different scale. mbsl: meters below sea level.
Case 2: High Gas Flux + No Water Flux in Silt
[54] Case 2 is identical to case 1 except that it is performed in silt. As in case 1, free gas is hydrated once it enters the hydrate stability zone (Figure 9d, t 1 ) . However, hydrate formation in the low-permeability silt (Figure 9c, t 1 ) reduces the already narrow pore throats and results in a large increase in capillary entry pressure (equation 19). As a result, the base of the RHSZ acts as a cap, or capillary seal, preventing upward migration of methane gas and causing it to accumulate beneath the RHSZ (Figure 9d, t 1 ) . Hydrate continues to form at the base of the RHSZ for two reasons:
(1) as gas is stored beneath the RHSZ, methane-rich pore water is displaced upward into the RHSZ; and (2) dissolved gas is transported upward from beneath the RHSZ by diffusion. In the majority of the RHSZ, dissolved CH 4 concentration is below its solubility, and there is neither hydrate formation (Figure 9a , t 1 ) nor salinity buildup (Figure 9e, t 1 ) .
[55] A gas column builds beneath the RHSZ as more and more gas is stored (Figures 9b and 9d, t 2 , t 3 ) ; when the buoyancy pressure at the top of the gas column exceeds the capillary entry pressure at the base of the RHSZ, gas flows into the RHSZ, forming more hydrate. As a result, the pore throats are further reduced in size, capillary entry pressure increases, and the base of the RHSZ once again seals ( Figure 9b, t 2 ) . For more free gas to enter the RHSZ, the gas pressure must increase further and therefore a larger gas column must build up below gas hydrate. Thus breakthrough and resulting increase in capillary entry pressure lead to an additional increase of the column height. Meanwhile, the fraction of gas-filled pore volume increases by displacing more water and the gas-water contact moves downward ( Figure 9d, t 2 ) .
[56] The difference between the gas and water pressures is the gas-water capillary pressure, which is proportional to the gas saturation (S g ). Through the gas column, gas pressure follows its static pressure gradient ($0.7 MPa/km), while the water is overpressured ($0.2 MPa above hydrostatic conditions) (Figure 9b, t 2 ) . This is because the gas is displacing the water upward through the gas column where the permeability to water is small because S w is near its residual value (equation 25). Beneath the RHSZ, the capillary pressure (P cgw = P g À P w ) increases with elevation above the gas-water contact (Figure 9b, t 2 ) . The upward increase in capillary pressure forces gas into successively smaller pores and causes the upward increase in gas saturation (S g ) in the gas column ( Figure 9d, t 2 ) .
[57] The gas column height increases with further hydrate formation at the base of the RHSZ until gas pressure at the top of the gas column (P g ) reaches the overburden stress (S v ) (Figure 9b, t 3 ) . At this point, the vertical gas effective stress (= S v À P g ) decreases to zero and we interpret that fractures will dilate and allow upward gas migration. This condition is interpreted to be present at both Blake Ridge [Flemings et al., 2003; Hornbach et al., 2003] and Hydrate Ridge . We do not address the more complicated process of gas flow through fractures in this paper and our simulation ceases once the gas pressure reaches the overburden stress at the base of the RHSZ.
[58] We term the gas column height necessary for its pressure to reach the overburden stress the critical height. In this example, the critical gas column height is $120 m (Figure 9d, t 3 ) . It is the sum of both water overpressure and gas-water capillary pressure that elevate the gas pressure (P g ) to the overburden stress (S v ). The presence of overpressured water ($0.2 MPa) reduces the critical gas column height (Figure 9b, t 3 ) , relative to the case when hydrostatic water pressures are present [Flemings et al., 2003 ].
Case 3: Low Gas Flux + Water Flux in Silt
[59] We consider an example where water and gas are input to the base of the model (Figure 10 ): the fluxes of Figure 7 . Propagation rate of the reaction front through the RHSZ in case 1. A large amount of free gas enters the RHSZ at $0.4 kyr, initiating the front propagation. Figure 8 . (a) Salinity (X l s ) and (b) hydrate saturation (S h ) in case 1 after the three-phase zone extends to the seafloor and a quasi-steady state is reached. (Figure 8a ) The sharp gradient in salinity near the seafloor removes salt out of the three-phase zone by diffusion. (Figure 8b ) Loss of salts shifts the three-phase equilibrium to allow more hydrate formation below the seafloor. CH 4 , water and salt are 0.005, 2.50 and 0.075 kg m À2 yr À1 , respectively (Table 3) . The model is carried out in silt and latent heat released by hydrate formation is neglected. Methane is supplied at a rate greater than can be carried in solution. For example, if only advection is considered, the dissolved methane concentration must equal 0.002 kg/kg for water to carry all of the methane supplied. However, this is more than its solubility in water ($0.0016) (Figure 10a , t 1 ) and as a result, excess CH 4 occurs as free gas at the base of the domain (Figure 10d, t 1 ) .
[60] At t 1 , dissolved methane is transported into the RHSZ by aqueous diffusion and advection (Figure 10a, t 1 ) . Hydrate forms in the center of the RHSZ, where the CH 4 concentration exceeds its solubility (Figures 10a and 10d, t 1 ) . There is no hydrate formation at the base of the RHSZ because the methane solubility is greater than the methane concentration. Interestingly, the deepest occurrence of hydrate lies above the depth of three-phase equilibrium (the base of the RHSZ). In addition, free gas lies 50 m below the RHSZ (Figure 10d, t 1 ) ; where free gas is present, CH 4 concentration is sustained at its solubility (Figure 10a, t 1 ) . The free gas zone lies below the RHSZ because free gas cannot move upward until the residual gas saturation (S rg = 2%) is exceeded (equation 26).
[61] The top of the free gas zone is separated from the base of the regional hydrate stability zone by a zone containing liquid only (Figure 10d, t 1 ) , where CH 4 concentration is below its local solubility. This gap is a transient feature that shrinks as free gas progressively moves upward and saturates pore water below the RHSZ. Eventually, hydrate and free gas coexist at the base of the RHSZ (Figure 10d, t 2 ) . Figure 9 . Case 2: high gas flux and no water flux in silt. Evolution of (a) dissolved CH 4 concentration (X l m ), (b) water (P w ) and gas (P g ) pressures, (c) intrinsic permeability (k), (d) hydrate (S h ) and gas (S g ) fractions of pore volume, and (e) salinity (X l s ) at 0.4, 1.6, and 1.9 kyr. Hydrates precipitated at the base of the RHSZ form a capillary barrier to upward gas migration (t 1 ). Free gas progressively accumulates below the hydrate layer, building up a gas column (t 2 ). With constant gas supply, the gas column height increases until the gas pressure (P g ) at its top impinges on the overburden stress (S v ) (t 3 ). mbsl: meters below sea level.
[62] At t 2 , free gas migrates into the RHSZ and rapidly forms hydrate at the base of the RHSZ. The CH 4 concentration is maintained everywhere at its solubility except near the seafloor (Figure 10a, t 2 ) , where its concentration is set to zero. CH 4 is transported into the RHSZ by both saturated water ( Figure 10a , t 2 ) and free gas (Figure 10d, t 2 ) . The net result is that a gradual increase in S h within the RHSZ is superimposed on a sharp increase in S h at the base of the RHSZ (Figure 10d, t 2 ) . Dissolved CH 4 is continuously transported upward into the RHSZ by aqueous diffusion and advection. However, the amount of CH 4 carried by water is limited by low methane solubility below the RHSZ. Thus there is a slow, nearly uniform increase in S h within the RHSZ, where the gradient in CH 4 solubility is small (Figure 10a, t 2 ) . On the other hand, CH 4 transported in the gas phase freezes as hydrate once it enters the RHSZ, producing a high hydrate concentration at the base of the RHSZ (Figure 10d, t 2 ) .
[63] As in case 2, hydrate forms at the base of the RHSZ via a series of gas migration pulses as more and more free gas is stored beneath the RHSZ. The formation of concentrated hydrate at the base of the RHSZ impedes upward migration of gas because the pore throats are decreased and the capillary entry pressure is increased (Figure 10b, t 2 ) . Gas that continues to migrate from deeper sediments is trapped below the RHSZ. This capillary seal does not block water flow and thus dissolved gas continues to be transported into the RHSZ, which forms more hydrate (Figure 10d, t 2 ) . Salinity does not buildup to the point where free gas can be present within the RHSZ: high capillary entry pressure prevents significant gas from entering the RHSZ and any salts that are excluded when hydrate forms are efficiently flushed out of hydrate formation zone by upward water flow ( Figure 10e, t 2 ) .
[64] As in case 2, as more hydrate precipitates in the pores and the seal capacity increases, gas continues to Figure 10 . Case 3: low gas flux and water flux in silt. Evolution of (a) dissolved CH 4 concentration (X l m ), (b) water (P w ) and gas (P g ) pressures, (c) intrinsic permeability (k), (d) hydrate (S h ) and gas (S g ) fractions of pore volume, and (e) salinity (X l s ) at 50, 280, and 400 kyr. Initially, there is a gap between the top of free gas and the base of gas hydrate (t 1 ). Then both dissolved and free gas CH 4 are transported into the RHSZ, forming a peak in S h at the base of the RHSZ (t 2 ). The layer of concentrated hydrate permits gas pressure to build to the overburden stress (S v ) (t 3 ). Note that Figure 10d (t 1 ) is on different scale. mbsl: meters below sea level.
accumulate until the height of the interconnected gas column exerts sufficient buoyant force at its top to equal the overburden stress in the overlying sediment (Figure 10b,  t 3 ). As discussed in the previous example, we interpret that free gas will migrate upward into the overlying sediments within the RHSZ by opening fractures. We do not simulate this effect.
Case 4: Very Low Gas Flux and Water Flux in Silt
[65] In this case, the fluxes of CH 4 , water and salt are 0.004, 2.50 and 0.075 kg m À2 yr À1 respectively (Table 3) . With this very low methane flux, all of the methane is carried in solution and it moves upward only by aqueous advection and diffusion (Figure 11a ). If only advection is considered, the dissolved methane concentration must equal 0.0016 for water to carry all of the methane supplied: actual concentrations are slightly lower because some of the methane is transported by diffusion (Figure 11a ).
[66] Initially (t 1 ), the CH 4 concentration (solid line, Figure 11a ) is below solubility everywhere (dash line, Figure 11a ): neither hydrate nor free gas are formed (Figure 11b, t 1 ) . At t 2 , hydrate forms within the RHSZ but does not extend to the base of the RHSZ (Figure 11b) , since under-saturated water continually migrates upward from greater depth. This is very similar to the early stages of case 3 (Figure 10d, t 1 ) . The increase in salinity that results during hydrate formation is not high enough to shift local thermodynamic conditions significantly (Figure 11c, t 2 ) and hydrate continues to accumulate within the RHSZ until the end of the simulation t 3 (Figure 11b, t 3 ) .
[67] The hydrate accumulation rate is proportional to the water flow rate and the gradient in the L + H CH 4 solubility. S h reaches a maximum of only $6% of pore space at the base of the hydrate occurrence zone (Figure 11b, t 3 ) , where the gradient in solubility is greatest. Unlike the previous examples, hydrate formation is formed only by precipitation along the solubility gradient. This process is termed a flowcontrolled gradient reaction [Liu and Flemings, 2006] and it is most similar to the previous hydrate formation models. In Figure 11 . Case 4: very low gas flux and water flux in silt. Evolution of (a) dissolved CH 4 concentration (X l m ), (b) hydrate (S h ) fraction of pore volume, and (c) salinity (X l s ) at 10, 100, and 200 kyr. Initially, the dissolved methane concentration (solid line) is less than the equilibrium solubility (dashed line), and there is no hydrate (t 1 ). Then hydrate forms once the dissolved methane concentration exceeds the methane solubility (t 2 , t 3 ). In this case, the base of the hydrate occurrence zone does not coincide with the base of the hydrate stability zone. mbsl: meters below sea level.
Figure 12.
Initial and boundary conditions of twodimensional gas chimney model. Upper and lower boundary conditions are the same as for the one-dimensional model ( Figure 5 and Table 3) . No mass or energy transport is assumed along the left boundary to simulate symmetry about a vertical gas flux zone. Gas is supplied from below.
our simulations, where all methane is transported in solution, it is not possible to precipitate hydrate at the base of the hydrate stability zone.
Two-Dimensional Model of Gas Chimney
[68] A two-dimensional model is adopted to study the formation of gas chimneys and the effect of lateral salt diffusion on its propagation. The gas chimney is modeled by assuming symmetry about a vertical zone with basal gas supply (Figure 12) . The left edge is the centerline of gas chimney and no flow occurs across this boundary. The right edge, far from the gas supply, is also a no-flow boundary. The seafloor P and T are fixed at 8 MPa and 4°C, respectively. A basal gas flux of 0.96 kg m 2 yr À1 is imposed on the inner three grid blocks (Figure 12 ). This gas flux is close to that observed at South Hydrate Ridge . No basal gas flux is specified for the surrounding sediments. We consider one scenario where the capillary pressure is neglected and one scenario where it is considered. Both simulations are run in sand.
Gas Chimney Model Without Capillary Pressure
[69] As in the one-dimensional models, a gas chimney forms with an advancing reaction front that separates the three-phase zone behind from the overlying sediments ( Figure 13 ). This chimney advances toward the seafloor ( Figure 14) ; the salinity behind the reaction front and within the chimney is sustained at the value required for threephase equilibrium (Figure 13a ), while the surrounding sediments have seawater salinity.
[70] The two-dimensional model reveals other interesting behavior. There is a sharp lateral change in salinity at the chimney wall. This drives salt, by diffusion, out of the chimney. Loss of salts shifts the three-phase equilibrium back to two-phase equilibrium and additional hydrate is formed until the salinity once again buffers the system at the three-phase boundary. Thus hydrates are concentrated along the chimney wall (Figure 13b ). In addition, as solidification occurs at the reaction front, there is volume expansion. Excess pore fluid is expelled both vertically and laterally as this occurs and this also drives salt out of the chimney (Figure 13c) . We term the region of enhanced salinity (above seawater salinity) around the chimney, the ''salinity halo'' (Figure 13a) .
[71] Water and gas flow in different directions (Figures 13c,  13d, 14c, and 14d) . Water flow is driven only by its pressure gradient, whereas gas flow is driven by both the water pressure gradient and gas buoyancy [England et al., 1987] . Water is expelled both upward and laterally away from the propagating reaction front as hydrate forms and there is a net volume increase (Figure 13c ). Gas flow is entirely vertical because buoyancy dominates over the water potential gradients because of the large contrast in density between free gas and water (r w À r g = $930 kg m À3 ) (Figure 13d ). Figure 13 . (a) Salinity (X l s ), (b) hydrate saturation (S h ), (c) water flow, and (d) gas saturation (S g ) and gas flow associated with an evolving chimney at 1.0 kyr. Capillary pressure is neglected. A reaction front propagates upward and behind this three phases coexist. Water flows away from the reaction front because of both displacement and expansion by hydrate formation. Gas flows only vertically. mbsf: meters below seafloor.
[72] The reaction front reaches the seafloor after only $8 kyr (Figure 14) . At the center of the chimney, the salinity and the hydrate concentration increase rapidly from the base of the hydrate stability zone to the seafloor (Figure 14a ). The salinities follow the conditions necessary for three-phase equilibrium and the results are fundamentally similar to case 1 that we presented in the onedimensional simulation. At the margins of the gas chimney, there is a rind of very high hydrate saturation ($90%) (Figures 14b and 15a) . In this concentrated hydrate zone, the porosity f is low ($5%) and consequently the tortuosity, q, is high (q 2 = f
À1
; equation (7)). The diffusivity is $100 times smaller than that obtained in the absence of hydrate (equation 6). The net result is that the wall of the chimney has low permeability and low chemical diffusivity.
[73] Hydrate formation is limited to where free gas is present (Figure 14b ). Though dissolved methane is transported out of the chimney by aqueous advection and diffusion, its concentration does not reach the solubility to form hydrate. Thus a vertical, hydrate-lined, gas chimney penetrates the RHSZ (Figure 14b ). Gas steadily transports through the RHSZ inside the chimney, while because of salt loss, gas flow decreases upward along the wall of the chimney (Figure 14d ).
Gas Chimney Model with Capillary Pressure
[74] We contrast the previous result with an example where capillary pressure is included. A gas chimney expands both upward and laterally with an advancing reaction front (Figure 16b ). The salinity for three-phase equilibrium is maintained within the chimney (Figure 16a ). The main difference between this and the previous example is that the driving force for free gas migration is no longer only vertical. In this case, gas flow is determined by water flow, buoyancy and capillary pressure. Water flows away from the advancing reaction front (Figure 16c ). Free gas migration is aided by the buoyancy force but inhibited by the capillary forces. Hydrate formation increases the capillary pressure in the gas chimney, reducing vertical flow of gas. The increased capillary pressure in the gas chimney forces gas to migrate horizontally into hydrate-free regions. Thus gas flow diverts laterally (Figure 16d ), causing the lateral growth of the gas chimney and the bounding hydrate layer.
[75] Free gas breaks through the seafloor in the inner sediment columns after only $8 kyr (Figure 17d ). At this point, free gas is vented at an almost constant rate to the ocean. As gas approaches the seafloor it flows laterally to a greater and greater extent ( Figure 17d) ; as a result, the gas chimney is wider at the top than at the base (Figure 17b ). Lateral gas flow is driven by the contrast in gas capillary pressure between the zone with high hydrate saturation in the vent and the bounding material with lower hydrate saturation: this creates a large lateral pressure gradient in the gas phase that drives flow. The lateral flow is greatest near the seafloor because that is where the hydrate satu- Figure 14 . (a) Salinity (X l s ), (b) hydrate saturation (S h ), (c) water flow, and (d) gas saturation (S g ) with an evolving chimney at 8.0 kyr. Capillary pressure is neglected. A narrow, near-vertical, hydrate-lined chimney extends to the seafloor and forms a conduit for gas migrating upward. The hydrate saturation along the well is elevated because of the diffusion of salt at the boundary of the chimney. Water flow in the system is small. Gas flows vertically through the RHSZ, but its rate decreases toward the seafloor. mbsf: meters below seafloor. Figure 14 . Salinity is sustained at the value required for threephase equilibrium within the chimney. Lateral salinity gradient drives salt out of the chimney into the surroundings. Hydrates are preferentially precipitated at the wall of the chimney. Figure 16 . (a) Salinity (X l s ), (b) hydrate saturation (S h ), (c) water flow, and (d) gas saturation (S g ) associated with an evolving gas chimney at 1.0 kyr. Capillary pressure is considered. Both water and gas flow laterally at the reaction front. mbsf: meters below seafloor. rations are greatest within the vent; consequently that is where the capillary difference is greatest, and this drives the largest lateral flow (Figure 17d ).
Discussion
Dynamic Gas Hydrate Reservoirs
[76] We envision three possible modes of hydrate formation (Figure 18 ). First, dipping permeable layers may focus gas flow and drive large amounts of free gas into the RHSZ (Figure 18, number 1) . This is illustrated with a dipping stratigraphic layer in Figure 18 ; however, the permeability conduit could also be a fault or fracture. Beneath the RHSZ, the permeable layer draws gas from the surrounding material over an extensive source region, because of its high permeability and resultant low capillary entry pressure [Schowalter, 1979] . This scenario is most similar to the one-dimensional case 1 simulation and to the two-dimensional gas venting simulations.
[77] In this environment, gas rapidly enters the RHSZ and salinity rises as hydrate forms. The increased salinity inhibits further hydrate formation, which allows free gas to coexist with hydrate within the RHSZ. This process is repeated and the gas chimney rapidly propagates to the seafloor. Within the chimney, hydrate concentration increases upward toward the seafloor, where the system is furthest from equilibrium ( Figure 18, number 1, inset) . At the base of the gas chimney, the bottom-simulating reflector (BSR) will be diminished because gas is continuously present across the base of the RHSZ. These types of gas chimneys may be present at South Hydrate Ridge [Liu and Flemings, 2006; Milkov et al., 2005; Tréhu et al., 2004] , at Blake Ridge [Flemings et al., 2003; Gorman et al., 2002; Hornbach et al., 2003; Nimblett and Ruppel, 2003] and along the Norwegian margin [Bouriak et al., 2000; Bünz and Mienert, 2004] .
[78] A second form of focused gas flow is illustrated in Figure 18 (number 2). In this case, gas concentrates beneath the topographic crest of the seafloor structure. On the flanks of the structure, gas is trapped beneath the low-permeability base of the hydrate stability zone. Buoyancy drives the gas laterally toward the shallowest zone beneath the regional hydrate stability zone. The gas pressure is at a maximum at this location and ultimately the gas will drive its way through the RHSZ creating a gas chimney. As illustrated, the gas vent does not penetrate to the seafloor. Thus this situation is perhaps most similar to the one-dimensional case 1 or the two-dimensional models but with reduced gas flux.
[79] At the flanks of the topographic structures, a lowpermeability hydrate seal rapidly develops at the base of the RHSZ as illustrated in case 3 (Figure 18, number 3) . Hydrates are formed when water flows up through the RHSZ. Even in this low-flux example, the gas supply is large enough to create a separate gas phase that migrates upward by buoyancy. The changes in salinity during hydrate Figure 17 . (a) Salinity (X l s ), (b) hydrate saturation (S h ), (c) water flow, and (d) gas saturation (S g ) associated with an evolving gas chimney at 8.0 kyr. Capillary pressure is considered. The chimney extends both vertically and laterally. Gas flow diverts laterally and its rate greatly decreases upward. Displacement of gas flow leads to the lateral growth of chimney. The result is that the chimney is broader than in the case where capillary pressure is neglected (compare with Figure 14) . mbsf: meters below seafloor.
formation are too small for a three-phase zone to develop, and hence all free gas is crystallized as hydrate at the base of the RHSZ (Figure 18 , number 3, inset). As hydrate forms, the permeability drops and a capillary seal to gas is formed. In these circumstances, either the gas pressure will build until it fractures the overlying column, or if there is another pathway present, the gas will flow upward but underneath the low-permeability cap of the base of the RHSZ (Figure 18 ). Finally, far from where any methane gas flow is focused but where there is upward flow of water, low concentrations of hydrate may be deposited within the RHSZ but not at its base (Figure 18, number 4, inset) . This low gas flux example is particularly important because it is most similar to existent geological models of hydrate formation (Figure 11b) .
[80] The simulations provide insight into how gas chimneys form and sustain themselves within the regional hydrate stability zone (RHSZ). The penetration of gas into the RHSZ is controlled by a competition between the basal supply of gas and the lateral diffusion of salt. The gas flow is driven primarily by buoyancy: as a result, the natural tendency for gas is to flow vertically even when permeability is reduced by hydrate formation. In addition, salt diffusivity is extremely low ($10 À9 m 2 s
À1
); thus highsalinity zones within chimneys can be maintained for long times, particularly if there is continued supply of gas to form more hydrate and maintain salinity. Finally, lateral salt diffusion concentrates hydrate at the margins of the chimney; this further lowers the salt diffusivity (equations (6) and (7)) and further limits salt loss.
[81] Liu and Flemings [2006] showed that at South Hydrate Ridge, gas is supplied at a rate 10 times greater than is depleted by hydrate formation due to salt diffusion. The input parameters of our two-dimensional simulations (Figures 13 -17 ) differ from those of Liu and Flemings [2006] in that the chimney half-width is 50 m versus 150 m. As a result, the total methane flux into the chimney in our two-dimensional simulations is one third that of the Liu and Flemings [2006] calculation. Salt loss by diffusion, and hence the amount of methane needed to form hydrate to replace the salt, is independent of the vent half-width. Thus we estimate that in our simulations (Figures 13 -17 ), the gas supply is approximately 3 times greater than the gas depletion caused by salt diffusion. In fact, examination of Figures 14 -17 suggests that the loss of salt due to diffusion is much less. This is because the decrease in diffusivity due to porosity loss at the boundaries of the chimney (equation 6) is not taken into account. In general, if the flux of methane Figure 18 . Cartoon of the gas hydrate reservoir system. Four characteristic forms of hydrate deposit are shown. (1) Gas chimney sourced by permeable conduits. Gas is focused along permeable conduits beneath the regional hydrate stability zone (RHSZ). Focused flow penetrates the RHSZ and self-generates a three-phase pathway to vent gas to the seafloor. (2) Gas chimney sourced by gas trapped beneath the RHSZ. Gas is focused along the base of the RHSZ and trapped beneath the crest of the structure. Gas builds up until it begins to form a chimney through the RHSZ. (3) Capillary sealing and lateral migration. On the flanks of the structure, hydrate formation rapidly forms capillary seals to gas and the gas is driven laterally to the highest structural point. (4) Aqueous flow and hydrate formation. Far from the crest, water with dissolved methane migrates upward and deposits hydrate within the RHSZ.
supplied is greater than the loss due to diffusion, a chimney will be created and maintained at three-phase equilibrium ( Figure 18 , number 1). However if the gas flux supplied is less than the loss due to diffusion, the chimney will only penetrate a short distance within RHSZ and free gas will not reach the seafloor (Figure 18 , number 2).
Comparison with Other Hydrate Formation Models and Field Evidence
[82] The current understanding of marine hydrate systems is grounded in the insights and theoretical results of Hyndman and Davis [1992] , Rempel and Buffett [1997] , Zatsepina and Buffett [1998] , and Xu and Ruppel [1999] . These and many ensuing studies assume hydrates are precipitated from methane-saturated water within the twophase (liquid and hydrate) portion of the hydrate stability field and that any gas formed is immobile. These models predict the rate of hydrate formation is slow because the amount of dissolved methane is small, and because the solubility gradient with depth is small.
[83] Our work differs most fundamentally from earlier work by assuming free gas is mobile if its saturation exceeds a critical value. This assumption reflects insights drawn from the study of hydrocarbon migration [England et al., 1987; Schowalter, 1979] . A fundamental result of our models is that, given sufficient gas supply, hydrate formation is rapid: rapid hydrate formation elevates salinity and this impacts methane solubility and hydrate stability. When a large amount of free gas is transported into the RHSZ, salinity increases and three-phase chimneys form. The result is a gas hydrate system where the base of the hydrate stability zone has topography as opposed to the stratified view suggested previously.
[84] Field evidence for these types of systems is limited. Two exciting examples include observations made at South Hydrate Ridge and the Mallik well on the Mackenzie Delta. Milkov et al. [2004] analyzed cores taken at in situ conditions 19 m below the seafloor and inferred the coexistence of gas, water, and hydrate at the three-phase condition. In the same location, Liu and Flemings [2006] examined in situ pore water salinities and log-derived hydrate concentrations and inferred that the zone of three-phase stability extended from near the seafloor to 50 m below seafloor: salinity and hydrate concentration are similar to those predicted by the high-flux simulations presented here ( Figure 6) . Wright et al. [2005] found that in three of four samples in the Mallik 5L-38 well on the Mackenzie Delta, Canada, hydrate concentrations were limited by elevated salinities resulting in a broad zone of three-phase stability.
[85] If there is a very small gas flux, the earlier modeling approach is appropriate and we ran case 4 to illustrate this. In this simulation, no free gas is present, pore fluid with dissolved methane is driven through the RHSZ, and hydrate is formed within the RHSZ but not at its base (Figure 11) . These results are similar to those found by Xu and Ruppel [1999] for low methane flux. We cannot reproduce Xu and Ruppel's [1999] high methane flux results without free gas flow. In their model, as methane flux increases, the free gas zone and the base of hydrate deposition merge at the base of the regional hydrate stability zone (Figure 3 , [Xu and Ruppel, 1999] ). In our model, we can only generate free gas immediately beneath the RHSZ and precipitate hydrate at the base of RHSZ if the gas is mobile. Our result stems from the fact that the L + G equilibrium solubility increases upward beneath the RHSZ (Figure 1a) . Because all methane is supplied from below, any methane that is supplied above its solubility in water will be stored as free gas in the bottom grid and any water will become more undersaturated as it moves upward (case 3, Figure 10, t 1 ) . If the water is undersaturated at the base of the RHSZ, there can be neither free gas nor hydrate deposition present at this location. To generate free gas and hydrate deposition at the base of the regional hydrate stability zone, it is necessary to have free gas flow upward from below until it meets the base of the regional hydrate stability zone (Figure 10 ). Although we have not considered it here, an alternate method to create free gas immediately beneath the hydrate stability zone would be to include sedimentation and bury the hydrate across the regional hydrate stability zone. In this case, dissociation of the hydrate can release enough methane for hydrate and free gas to coexist at the base of the RHSZ.
[86] A great deal of emphasis has been placed on highversus low-flux hydrate systems. Gorman et al. [2002] distinguished high-flux systems as those where gaseous methane escapes directly into the ocean versus low-flux systems where methane is dissolved in pore waters and consumed by sulfate reduction before reaching the seafloor. In this terminology, South Hydrate Ridge (offshore Cascadia), where near-surface hydrates are present and there is gas expulsion, is a high gas flux system. In contrast, Blake Ridge (offshore Carolina), where no free gas is vented to the seafloor, is a low gas flux system. We find that both water and gas fluxes need to be constrained to better understand the dynamics of hydrate systems. High water flux does not necessarily imply large hydrate concentrations as suggested by Xu and Ruppel [1999] . Instead, methane supply and the focusing of gas from a broad region beneath the RHSZ to a narrow region within the RHSZ will guide whether methane migrates as a free phase to the seafloor.
[87] This model does not include all the possible effects of hydrate formation. In particular, although we have included an energy balance, we neglected to include latent heat. If this effect is considered, the temperature increases slightly during hydrate formation and this slightly reduces the amount of hydrate required for three-phase equilibrium. However, since the thermal diffusivity ($10 À6 m 2 s
À1
) is much larger than the salt diffusivity ($10 À9 m 2 s À1 ) [Rempel and Buffett, 1997] , the latent heat is more readily removed and the temperature structure is less perturbed than the salinity structure. Thus hydrate formation is primarily limited by salinity. We will consider the effects of latent heat in a future publication.
[88] A range of possible secondary variables could be chosen. Permeability, grain size and sorting impact model results. We assumed that hydrate forms in the centers of pores, which decreases permeability. If the hydrate coats the pore walls, the impact on permeability and capillary pressure is smaller (Figure 4) . If a permeability model was used that assumed hydrate forms on the pore wall, the silts that we simulated would not necessarily form an efficient capillary barrier at the base of the RHSZ. We also assumed well-sorted sediments for our simulation: the capillary pressure curve has a flat plateau (Figure 3b) , which corresponds to sediments with a narrow pore size distribution [Thomeer, 1960] . The saturations beneath the RHSZ would differ and the total volume of trapped gas would be reduced if the sediment were more poorly sorted [Flemings et al., 2003] .
Implications for Gas Hydrate Stability, Climate, and Energy
[89] Gas hydrate chimneys will affect the dynamic behavior of the hydrate reservoir and this may impact climate [Dickens, 2003] . In the stratified view of hydrate systems, methane is trapped within the RHSZ until there is a change in pressure or temperature that alters the thickness of the RHSZ. In contrast, gas chimneys provide pathways that connect free gas below the RHSZ with the seafloor: these chimneys act as valves by steadily or episodically releasing methane into the ocean. As a result, significant amounts of gaseous methane can bypass the RHSZ without being captured in the hydrate reservoir. In this view, the hydrate reservoir may be significantly smaller than previously envisioned because of this bypass.
[90] Hydrate reservoirs formed by gas flow have high concentrations and lie on the three-phase boundary. As a result, small changes in pressure or temperature could release a large amount of methane. Thus small increases in ocean water temperature may drive large volumes of methane from hydrate to the ocean. In addition, highly concentrated hydrate deposits that are near the seafloor and at the three-phase boundary may be the most economical type of hydrate deposit where methane can be extracted.
Conclusions
[91] We have developed a multicomponent, multiphase, fluid and heat flow model for hydrate formation in marine sediments. The model accounts for the dynamic effects of hydrate formation on salinity, temperature, pressure, and hydraulic properties. In this model, methane is primarily transported by buoyancy as a continuous gas phase into the regional hydrate stability zone (RHSZ). In zones of high gas flux, free gas supplied from depth forms hydrate, depletes water, and elevates salinity until pore water is too saline for further hydrate formation. In low-flux regions and in finegrained sediments, hydrate formation leads to rapid permeability reduction and capillary sealing to free gas.
[92] The results of this study can be tested against field observations and have important implications for the interpretation of marine hydrate systems.
[93] 1. In high gas flux environments, salinity and hydrate concentration will increase upward from the base of the regional hydrate stability zone to the seafloor in a predictable manner. Hydrate concentrations can reach very high values near the seafloor (S h > 70%).
[94] 2. It is not possible to deposit hydrate at the base of the regional hydrate stability zone without free gas flow if methane is supplied only from below. We interpret that free gas is mobile in most systems where free gas is present immediately beneath the regional hydrate stability zone.
[95] 3. The base of the hydrate stability zone can have tremendous topography in contrast to the widely excepted view that these systems are stratified. This topography is caused by vertical intrusion of free gas into the regional hydrate stability zone. Lateral diffusion of salt is slow enough for a gas chimney to both rapidly propagate through the RHSZ and exist for long timescales once within the regional hydrate stability zone.
[96] 4. This provides a new conceptual view of hydrate systems where the free gas zone is coupled to the seafloor by the high-salinity gas chimney. All material in the conduit lies at the three-phase boundary and thus small increases in ocean water temperature or decreases in pressure may drive large volumes of methane into the ocean.
[97] 5. Concentrated hydrate deposits that are near the seafloor and at the three-phase boundary may be the most economical type of hydrate deposit for harvesting methane. p iteration index (dimensionless). P 0 pressure at the seafloor (Pa). P b pressure of phase b (Pa). P c capillary pressure (Pa). P cgw gas-water capillary pressure (Pa). P c0 capillary pressure in the absence of hydrate (Pa). P d capillary entry pressure (Pa). P w water phase pressure, also = P l (Pa). 
